INTRODUCTION
Little information is available regarding trace metal contamination of benthic organisms in the open North Sea. Interest so far has been focussed on polluted coastal areas and so-called hot spots. In general it is assumed that on a transect from the coast to the central North Sea metal concentrations decrease. This paper examines this hypothesis and compares several regions of the southeastern North Sea by analysing trace metals in blue mussels Mytilus edulis. In this context some problems arise.
It is still doubtful whether there exists a simple relationship between trace metal concentrations in seawater and metal levels in marine organisms (hisgird et al., in press ). Although sometimes a power relation-@ Inter-Research/Printed in F. R. Germany ship may exist (Talbot 1985) , in most cases it may be assumed that the time integrating accumulation of metals is a very complex process. It is governed by a large number of external and internal factors. Size (Cossa et al. 1979 , Theede et al. 1979 , sex (Orren et al. 1980) , water temperature and salinity (Phillips 1976 ), food quality and quantlty (Borchardt 1983) , position in the food web, feeding habits, biochemical composition of the organism, genetic factors (Frazier & George 1983 , Lobe1 1986 , spawning cycle, benthic or pelagic way of life and the bioavailability of the trace metal species play a significant role for its accumulation. As a result variability of data from biomonitoring studies is quite pronounced. To a great extent this can be attributed to the seasonality of accumulation patterns (Boalch et al. 1981 , Amiard et al. 1986 ). In general, peak concen-trations in mussels occur in late winter, and minimum values are found in autumn. The range of variation is about 2-to 3-fold.
To solve this problem it was proposed to investigate metal contamination under standardized conditions, i.e. samples would be taken at the same time of the year, at the same depths, from similar substratum, and organisms would be of comparable size and age.
This approach limits the ability to evaluate existing data sets compiled under non-standard conditions. Moreover the investigator is restricted to collecting samples only from a uniform environment. In reality these conditions hardly apply, especially when large areas must be examined.
In thls study contamination of mussels from 6 different regions was investigated from 1983 to 1986. These regions comprise the estuaries of Ems, Jade and Elbe Rivers, the inner German Bight, a region off southern Jylland and the open sea. The data set includes mussels from groynes, natural and cultured mussel beds, from anchor chains of nautical buoys and from biomonitoring stations. Measurements in the 3 estuaries cover different seasons, while samples from offshore regions were mainly collected in summer. Mussels from groynes were usually smaller and showed a lower body condition index than those from other sites. All this contributes to a strong inconsistency of sampling conditions. Nevertheless these difficulties cannot be avoided when comparing different regions.
As a n alternative approach, a mathematical standardization of the samples was introduced, comparable to the established method of relating chlorinated hydrocarbons to fat content. In earlier studies, trace metal concentrations or body burdens respectively were related to shell weight (Fischer 1983) , size and soft body dry weight (Cossa & Rondeau 1985) , size and fat content (Green et al. in press) and to size and body condition (Borchardt et al. in press) . In the present paper temporal trends also were considered, as the period analysed covered a n interval of 4 yr. After standardization the normalized metal concentrations of mussels from the different regions may be compared. This provides a more realistic view of reg~onal contamination patterns than comparing the true, measured concentrations.
MATERIAL AND METHODS
There are 2 basic principles in conducting biomonitoring studies. Both the 'active' and 'passive' concept were realized in the present study. The active biomonitoring approach is based on exposing well characterized mussels under standardized conditions over a defined tlme span. Normally 2 size classes were used: < 3 cm and > 5 cm shell length. At start and end of the exposure period they were measured for shell length, shell weight, soft body fresh and dry weight, total volume, shell volume and trace metal concentrations. This approach has the advantage that many external conditions can be controlled, and that mussels can be exposed wherever desired.
Eighty large or 100 small individuals were placed in a net bag (mesh size 1 cm). Their origin was either a mussel culture in Jade Bay or near Arendal (Norway). Norwegian mussels were classified as being 'low contaminated' and able to accumulate metals in the open sea. Eight bags were attached to a n underwater aluminium buoy (Fig. 1) . Aluminium was chosen because it contains only negligible amounts of other trace metals, and because of its low specific weight. The buoy was filled with a polyurethan foam protecting it against leakage and giving a buoyancy of 68 kp. The cone shape reduces hydrodynamic resistance. Two rubber rings serve as buffers when the station is brought out or taken in from the research vessel. Nearshore, this buoy was marked with orange plastic balls and secured by a usual fishery buoy (Fig. 2a ). The mussels were suspended at a depth of about 4 m, varying with the tides. The distance between the mussel watch station and the fishery buoy was 50 m. Samples could easily be collected by research divers within a few minutes. Offshore, the station was suspended at a depth of 10 m and was not marked. Only the position of the 2 ground weights was known exactly by DECCA-navigation. The weights were connected by a 400 m cable. For recovery of the biomonitoring organisms the complete station and its anchorage (Fig. 2b) had to b e retrieved. This was accomplished by pulling a draganchor across the cable.
The passive biomonitoring approach simply collects mussels where they occur naturally. In the present study samples were taken from groynes, mussel beds and chains of nautical buoys. Samples from the anchor chains of buoys were taken by divers at 10 m depth to avoid the possible influence of metal-containing antifouling paints. If available, 30 to 50 individuals were combined in one sample.
Sampling sites (Fig. 3 ) were grouped into 6 regions. It was assumed that these water bodies were relatively homogenous as far as trace metals were concerned. They were termed Ems, Jade, Elbe regions, inner German Bight, southern Jylland, and open sea. Part of the non-estuarine, nearshore data was taken from Jensen (1985) .
After collection, mussel shells were roughly cleaned. Depending on temperature, mussels were maintained in seawater for defaecation over a period of 1 or 2 d.
Shells were then freed from epifauna, mainly Balanus sp. Individual shell length was measured, and total volume was determined by water displacement in a measuring cylinder. Mussels were induced to open their shells by putting them into a microwave oven (450 W) for about 2 min. Then they were drained on filtering paper for 5 min, positioned on the edges of their shells.
Soft bodies were separated from the shells using titanium-teflon-scapels. Shells were air dried for 1 wk, then shell weight was determined. Soft bodies were placed in Petri dishes. Wet weight was determined before, and dry weight after, freeze-drying at -25 "C and 0.05 Torr. Afterwards soft bodies were pulverized by a n agat ball mill. An aliquot was pressure-digested Metal concentrations were determined with a graphite furnace atomic absorption spectrophotometer (Perkin Elmer AAS 540 and AAS 2380, each coupled to a HGA 500 programmer) using a L'VOV-platform for higher sensitivity, precision and reproducibility.
From each sample 2 subsamples were analysed. At the start of each analytical series a standard addition was carried out using a laboratory-internal Mytilus edulis standard, intercalibrated with NBS standard reference material 1577 (bovine liver). Subsequent samples were analysed directly, since matrices of blue mussels from different sites were very similar.
Mercury was determined by the cold vapour method (Perlun Elmer MAS 50).
To detect temporal trends, metal concentrations (y) were correlated with date, transformed into a decimal form (X = date*,,). Using the t-distribution trends were tested by
To determine seasonal influences the date was transformed by a sine function simulating average water temperatures T The model predicts minimum water temperatures of 2°C at the end of February and maximum temperatures of 18 "C at the end of August:
where INT dated,, = integer form of the demical date.
Regression analyses and statistical tests presupposed a normal distribution of the data used. This assumption was routinely checked by a range to standard deviation test (R/S-test, Sachs 1979).
RESULTS
Description of data sets Fig. 3 gives the positions of sampling sites. Between 1983 and 1986, 227 samples were taken at 50 different stations. With a few exceptions, all of them were analysed for mercury, cadmium, copper, silver, zinc and lead. From 1362 metal measurements, 7 were excluded from evaluation: 5 copper values might have been exceptionally enhanced due to a short term contamination of the respective estuaries, while 2 unusually high silver values might have been caused by contamination of the samples; moreover both silver samples were taken on the same day.
As pointed out previously (Borchardt et al. in press) , metal concentrations correlate with a number of different parameters, especially the body condition index of the mussels. These findings were based on 2 sets of data; one comprised data from the Jade region (1982) (1983) (1984) ; the other, from a transect along the German and Danish coast ( , see Jensen 1985 .
In this study, data from 6 different regions were evaluated over an extended period (1983) (1984) (1985) (1986) . Earlier findings were confirmed. The respective correlation matrices are given in Tables l a to f. From these matrices it is evident that changes in metal concentrations correlate -among other factors -with time course t, season (Le, simulated water temperature T), soft body dry weight BDW, condition index C1 as well as its inverse 1/CI, and shell length SL.
Temporal trends
To determine significant temporal trends, the data should cover at least a 3 yr period and should be evenly distributed in time. Of the 6 chosen regions, these presuppositions apply only to the data from the Ems, Jade and Elbe.
A significant decrease ( p = 0.05) from 1983 to 1985/ 86 was determined for mercury concentrations in mussels from the Ems (Fig. 4a, 0 .36 + 0.16 mg kg-') and Jade region (0.38 + 0.28 mg kg-'), and for cadmium in the Jade (2.0 + 1.5 mg kg-') and Elbe region (4.0 -, 2.1 mg kg-'). Copper levels decreased in the Jade (9.8 + 6.8 mg kg-'), as did zinc levels in the Jade (143 -+ 125 mg kg-') and the Elbe area (167 + 104 mg kg-'). Only lead concentrations significantly increased in the Jade estuary (1.7 -. 2.3 mg kg-'). Hence 7 decreases in metal concentrations in Mytilus edulis occurred, with only one increase.
Seasonal influences
In the Ems, Jade and Elbe region in 9 of 18 cases seasonal oscillations of metal concentrations were found. They were inversely correlated with changes in the condition index (compare Fig. 4a and b) . In general, a lower condition index leads to higher metal concentrations in the mussels. This means that in late winter and early spring maximum concentrations are reached, while lowest concentrations occur in early autumn. An exception is the Jade region. There, 3 of 5 sampling sites were biomonitoring stations, where the natural seasonal cycle does not take place: after nearly 1 yr of exposure the epifauna hinders a free exchange of seawater and oxygen between in-and outside of the net bags. So during times when the condition of the mussels improved elsewhere, in the Jade region it did not. This leads to a correlation coefficient near zero between metal concentrations and simulated water temperature.
Zinc and lead concentrations of Elbe mussels decreased in late winter and early spring. This can be attributed to lowered metal levels in the water at that time of the year, resulting from a dilution effect caused by ice and snow melting. Metals other than zinc and lead are less affected. Mercury and cadmium have long biological half lives and do not respond rapidly to lowered levels in the environment, while copper concentrations are relatively independent of external conditions.
The regions of the inner German Bight, southern Jylland and the open sea are represented only by d.ata from the summer period. Hence correlation analyses regarding seasonal influences were not carried out. decreased with enhanced soft body dry weight. This occurred in 9 of 18 cases. In the offshore regions only on 5 occasions a significant correlation was found, but -in contrast -metal concentrations increased with soft body dry weight.
Dependency on condition index
Concentratlons of mercury, cadmium and zinc werein 12 of 18 cases (p = 0.05) -negatively correlated with the condition index C1 = BDW/SW (Fig. 5a ), and positively with its inverse SW/BDW (Fig. 5b) . The use of l / C1 gives a better fit, especially when data comprise mussels in particularly low condition, e.g. mussels from groynes. For copper, silver and lead this relation was less pronounced. In nearly all cases the condition index showed a covariation with simulated water temperature T. These typical seasonal oscillations were not found in the Jade mussels, as mentioned above.
Dependency on shell length
Only in a few cases (zinc and lead) were metal concentrations dependent on mussel size (Fig. 6) . 
Multiple relationships
Although metal concentrations in mussels depend on a large number of parameters, the correlation matrices show that variability frequently can be explained by Dependency on soft body dry weight one single factor Nevertheless it is a more realistic approach to carry out a multiple correlation analysis In all estuarine and nearshore regions, when there and try to explain variability by the interaction of sevwas a significant correlation, metal concentrations eral factors. The data show that in a uniform, well-mixed water body, like the Jade estuary, variability in all 6 metal concentrations can be explained by time (t), size (SL) and body condition (CI). In Ems, Elbe and southern Jylland this is only valid for 3 metals. For the inner German Bight and the open sea it applies only to 2 metals. Conspicuously, in contrast to the l-factor correlation analysis, lead becomes one of the elements which is strongly influenced by a combination of internal and external factors.
In summary, variability in metal concentrations in mussels could, in 27 of 36 cases (75 % ) , be attributed to the influence of 1 factor, or to the combined effects of the 3 parameters time, size and body condition (Table  3) . It is stressed that this statement is based on variability and not on metal level.
For the other 25 % , variability must have been due to factors not considered, to variations in trace metal concentrations in the environment, or to inhomogenities in the respective seawater bodies. Fig. 3 shows 2 transects. One extends trom the Elbe estuary to the open sea, the other runs parallel to the coastline from the Netherlands to Denmark. The different stations lie within limits of about 20 nautical miles along these transects. In Figs. 7 and 8, metal concentrations are plotted against distance from the starting points of these transects.
Spatial trends
A significant decrease (p = 0.05) of metal concentrations in mussels on a transect from the inner German Bight to the open sea was found only for mercury (Fig. 7a: 0 .32 -0.12 mg kgp1). For copper, silver and zinc no significant trends were detected. The most strilung result was that cadmium and lead concentrations rose with increasing distance from the coast (Fig. 7b, c: cadmium, 0.8 -3.2 mg kg-'; lead, 1.3 -2.6 mg kg-').
Along the transect parallel to the coast, significant peak concentrations of mercury, cadmium, zinc and lead were detected near the Jade and/or Elbe estuary (Fig. 8) . When comparing average coastal concentrations with enhanced concentrations in front of these estuaries, the following results were obtained: mercury, average concentrations of about 0.2 mg kg-' vs 0.4 mg kg-' peak concentrations; cadmium, 0.8 to 2.5; zinc, < 100 to 165; lead, 1.0 to 2.5 mg kg-'. Table 3 . Mytilus edulis. Summary of significant correlations highest average concentrations were found for mercury (0.78 mg kg-'), cadmium (3.3 mg kg-'), copper (8.4 mg kg-') and zinc (139 mg kg-'). The lowest contamination occurred in the area off southern Jylland. Average concentrations of mercury were 0.19 mg kg-'; cadmium, 0.8 mg kg-'; zinc, 99 mg kg-'; lead, 0.9 mg kg-'; they all lie in the lower range.
In the Ems region generally low values were measured for silver (0.12 mg kg-') and zinc (95 mg kg-'). Values for the other metals lie in the range of mean concentrations.
In the Jade estuary, clearly elevated lead values were found (average: 2.0 mg kg-'). This might be due to the lead industry of that region. Mercury and zinc contamination was relatively high (0.32 and 132 mg Regional differences kg-', respectively). In contrast, comparatively low average silver concentrations (0.33 mg kg-') were deConcentrations of cadmium, silver and lead in termined. Mytilus edulis from the open sea are surprisingly high.
Around Helgoland and in a wider sense in the inner Maximum cadmium values in mussels from the station German Bight the waters seem to be strongly contamimost distant from the coast were as high as peak values nated due to a number of different influences, espefrom the Elbe estuary (5.4 mg kg-'). Also, for silver, cially the Elbe river. High mercury (0.31 mg kg-'). highest concentrations were not measured nearshore, silver (0.33 mg kg-') and zinc (130 mg kg-') average but in the region around Helgoland (ca 50 km offshore contaminations were measured. in the German Bight), and in the open sea (0.3 mg Average metal concentrations (arithmetic mean of kg-'). Maximum lead values are reported from the the respective region) are illustrated in Fig. 9a to f . Jade region, but on average mussels from the open sea
Values from different regions are not strictly compaseem to be similarly contaminated.
rable, since large mussels are compared with small When all 6 r e q o n s were compared, Elbe estuary ones, subtidal with interhdal ones, data from summer mussels showed the most elevated metal levels. There, with those of winter, and concentrations from 1983 with To overcome this problem, multiple regression analysis was used and normalized metal concentrations of standard mussels were calculated. These mussels were defined as having a shell length of 4 cm, a condition index of 0.15, and a collection date of 1 Jun 1985. Parameters were chosen in such a way that their magnitude lay in the overlapping range of all 6 data sets. This was necessary, for example, since parameters of the largest mussels in best body condition from the Elbe estuary corresponded to those of the smallest mussels in worst body condition from the Ems region. However, when linearly extrapolating into a range of magnitude that is not represented by values of the respective data set, the calculated metal concentration may be misleading. In general, as a result of normalization the metal contamination of estuarine mussels declines, and that of the open sea mussels increases. Differences between regions are partly levelled, but not eliminated. Temporal trends become less evident (Fig. 4a ) or more evident depending on the covariation of other correlated parameters. Thus real temporal changes in trace metal contamination can be distinguished from fictitious ones.
DISCUSSION
Our study has shown that trace metal concentrations in mussels Mytilus edulis are influenced by a number of different parameters which modify the characteristic level of regional contamination. As a consequence the variability of data from long-term biological monitoring programmes is quite pronounced. However, it can largely be explained by only 3 factors: sampling date, size of the nlussels, and body condition.
The sampling date represents season (water temperature, phytoplankton and trace metal availability) on the one hand, and on the other hand time course (temporal trends in metal contamination). The size results from the combined effects of growth and age. Changing body condition index reflects nutritional condition as well as the stage in the reproductive cycle.
Hence statements about contamination of certain regions in the sea should be based on more than one sampling date or period. As demonstrated by Boalch et al. (1982) , Amiard et al. (1986) and the present study, seasonal variations follow a sinusoidal curve. In general, this leads to enhanced trace metal concentrations in winter and to lowered concentrations in summer. A simple explanation favours the assumption that during the growth period in late spring and summer trace metals are diluted by increasing biomass. This pattern might by modified in estuaries of large rivers. There, in late winter the dilution of pollutants in the water is highest due to maximum water flow rates, caused by increased precipitation, as well as melting ice and snow. This is reflected in relatively low concentrations of trace metals with short biological half Lives in the mussels in late winter or early spring.
The effect of body condition on metal levels in mussels is most prominent. In the 6 regions, without exception, variations in mercury and cadmium concentrations were dependent on the condition index. When all trace metals under investigation are considered this dependency still holds for 2/3 of all cases. For example, Fig. 5b demonstrates that metal concentrations varying by a factor of 5 correlate very well with the inverse condition index alone.
Many authors emphasize the interrelation between shell size and metal levels (Theede et al. 1979 , Latouche & Mix 1982 , although their conclusions may differ. Fischer (1983) found that large mussels contain higher cadmium concentrations, while Cossa et al. (1979) determined relatively high values in small mussels. The present study confirms that in some cases size plays a significant role. However, date of sampling and body condition are much more important for assessing accumulations of metals.
As pointed out, a number of internal and external factors control trace metal concentrations in mussels. To obtain comparable results, exposure conditions should be standardized. This is not always possible, especially not when subsamples of local populations are collected. Consequently, age, size, sampling depth, food supply, exposure to currents, waves, air and suspended solids may vary. Moreover, when long-term studies are conducted, seasonal and temporal effects must be taken into account. Hence mathematical standardisation seems to be advantageous. The magnitude of standardized parameters should be defined wlthin the overlapping range of all data sets to avoid misinterpretations.
A meaningful normalization of trace metal concentrations pre-supposes relatively homogenous water bodies in the respective regions. Otherwise differences in contamination levels of different regions could not be detected, or the influence of certain external factors would mask the effects of differing seawater metal concentrations. Hence the method employed for defining regions with characteristic properties is of irnportance.
In the present study demarcation lines of regions were chosen according to plausibility. The correlation matrix of Table 3 shows that this approach was quite successful, since 75% of the variability in the data could be explained by only 3 factors. In other cases a statistical approach might be more promising, so thatwhen the data are sufficient -isoclines can be drawn separating various regions from another. Also the boxand-whisker-plot method can be applied to this problem (McGill et al. 1978) .
After normalization, quite often the differences between estuarine and offshore mussels are levelled, that is, low concentrations in the open sea become enhanced and high concentrations in the estuaries are lowered. This does not mean that differences become insignificant. Cadmium concentrations in mussels from the Elbe estuary serve as an outstanding example. The extremely low normalized cadmium concentration compared to the average measured concentration can be explained by the combination of at least 2 facts: (1) Elbe mussels were collected from a groyne. Depending on tides they were periodically air exposed, the remainder of the time they were subject to wave action and changing salinities. High loads of pollutants and suspended matter act as another stress on the animals. All this leads to an extremely low average condition index of 0.086. However, a low condition index is always and everywhere coupled with a high cadmium content. The standard mussel was defined as having a condition index of 0.15 which is still in the lower range of all regions, but represents the highest value found in the Elbe mussels. This means that the normalized cadmium concentration is decreased drastically when a 'normal' body condition is assumed. (2) From the beginning of 1983 to the end of 1985 cadmium concentrations in mussels from the Elbe estuary decreased pronouncedly from about 4.5 to 2.5 mg kg-', while in the open sea the levels were more constant. The standard mussel was defined as having been collected on 1 Jun 1985. This means that the normalized cadmium concentration of the Elbe mussels was lower than the average concentration, because the date mentioned was set more towards the end of the 3 yr period.
Overall, there was one uniform tendency: when a transect along the coastl~ne from the Netherlands to Denmark was considered, all 6 metals showed peak concentrations in the inner German Bight. This can be attributed to the influence of the Elbe river. Only the northernmost station far off the Danish coast does not fit into this scheme. Here zinc and lead concentrations were unusually high. This corresponds to the findings of other investigators who found enhanced trace metal concentrations in this area in Limanda limanda (Claussen 1987a, b) . Moreover this region is strongly affected by fish diseases (Dethleffsen 1984) and lowered oxygen saturation (Weichart 1984) . So far the results of this study are in accordance with common views about the pattern of contamination in the southeastern North Sea.
Most striking is the fact that especially cadmium and lead, and less pronounced silver, concentrations in mussels were surprisingly high in the central North Sea. Cadmium peak values from the open sea were comparable to peak values in the Elbe region. For silver, concentrations were even lower in the Elbe estuary than in the open sea. Although this seems to be a paradox, similar results for mercury, cadmium and lead were obtained in Limanda limanda by Claussen (1987a, b) and in Nephtys spp., Echinocardium cordatum and V e n u s striatula by Kroncke (1987) . Both authors state that on a transect from the inner German Bight to the northern Doggerbank mercury concentrations decrease, while cadmium and lead concentrations increase. The same was found in the present study.
Our measurements on abdominal muscles of the hermit crab Pagurus bernhardus partly confirm these findings (Fig. 10a to c) . The contamination pattern for mercury is not very clear if only the southeastern part, and not the whole North Sea, is examined. High mercury values were measured in the inner German Bight, and the lowest values occurred far offshore between 3" and 4" E and 55" and 56" N. Cadmium levels were low in the inner German Bight and rose towards the central North Sea. Lead values were relatively low in coastal areas and partly increased towards the open sea. A maximum concentration was detected between 5" and 6" E and 55" and 56" N.
We conclude from these results that the central North Sea can no longer b e regarded as a n unpolluted or even low-pollution area. Obviously the distribution of metals in biota is not consistent with that in seawater, as seawater concentrations normally decline with distance from the coast. However, recent research shows some exceptions to this general scheme (Dicke et al. in press) .
Possible explanations for this phenomenon are related to:
(1) Currents. These play a dominant role in transport processes involving dissolved and particle-bound pollutants. Hence the northern entries to the North Sea near the Shetland and Orkney Islands may not only function as an inlet for uncontaminated Atlantic Ocean water but also for the heavily polluted water masses from the Irish Sea. From here the residual currents take their course southwards along the British east coast where a large number of dumping sites are situated, and industrialized rivers like the Humber flow into the sea. According to the predominant currents, this load is partly driven to the central North Sea (Backhaus & Maier-Reimer 1983), where particle-bound pollutants settle. This process is favoured by the circulation of water masses in certain areas of the North Sea leading to enhanced residence times. The Doggerbank serves as a suitable example. Although far from any coasts, a large number of pollutants like cadmium, DDT and PCB's reach peak values in benthic organisms and sediments, coupled with extremely high rates of fish diseases (Dethlefsen 1984) . It is concluded that by sedimentation of particle-bound pollutants, the seawater is freed from contamination. However, the pollution problem is then shifted to the sea floor and its biota.
(2) Bioavailability. In metals this is generally low in estuaries, since e.g. 80 % of cadmium and even 95 % of lead are bound to particles (Mart et al. 1986 ). Hence bioavailability via seawater is extremely low. Through food intake, only small amounts of trace metals are accumulated. This is valid even for filter feeders (Borchardt 1983, Amiard et al. in press, RiisgArd et al. in press) . The low bioavailability of metals in estuaries was demonstrated also by Fisher & Frood (1980) who found that offshore phytoplankton was more efficiently adapted to metal contamination than estuarine planktonic algae.
In the central North Sea only 10 O/ O of cadmium is particle bound, versus 30 to 50% of lead. Hence the decrease in total concentrations from the Elbe estuary (km 704-727) via the inner German Bight to the central North Sea (cadmium: 0.1-2.0 + 0.03-0.08 -t 0.02-0.04 pg I-', lead: 2-15 -0.08-0.3 -0.03-0.05 gig 1-l; (Albrecht 1984 , Mart et al. 1986 , ARGE 1986 ) is counteracted by a dramatic increase in bioavailability. However, this fact can only partly explain the high levels of cadmium and lead in mussels from the open sea.
Mercury concentrations in the Elbe estuary are extremely high (20 to 200 ng I-'; ARGE 1986). In the inner German Bight medium concentrations between 20 and 70 ng l-' are found (Albrecht 1984) , decreasing towards the central North Sea to about 1 to 2 ng I-'. As is well known, methyl mercury is accumulated about 10 times faster than mercury ion. In the Elbe estuary andin nearby coastal areas 20% of the total mercury occurs in its methylated form (Mart et al. 1986 ), while 80 to 90 % is methylated in the central North Sea. Hence the 10 to 200-fold decrease in mercury concentrations in seawater is not counteracted by the about 4-fold increase of the more bioavailable mercury species; consequently, concentrations in offshore organisms are lower.
(3) Remobilization of metals. In certain regions of the North Sea, oxygen deficiencies were repeatedly measured in late summer (Weichart 1984) . The depletion is probably caused by increased eutrophication. Most affected are the areas northwest of Helgoland and off southern Jylland. Here, it seems possible that trace metals are remobilized from the sediments due to changes in redox conditions. Similar remobilization processes occur in areas with pronounced hydrographical frontal systems, e.g. near the Orkney Islands (Kremling 1983) where unusually high metal concentrations were found in seawater, and consequently also in Cancerpagurus from these waters (Davies et al. 1981) .
